Abstract. In recent years, much attention has been paid to the manipulation of primordial germ cells (PGCs) to produce transgenic chicken. For this purpose, the in vitro proliferation of PGCs would make gene targeting possible, promoting the efficiency of transgenes. However, few researches have been carried out on this topic. In the present study, we tried to culture chicken PGCs outside the body. The PGCs were isolated from circulating blood of chicken embryos by the method of Ficoll density centrifugation, and labeled with PKH26 red fluorescent cell linker. The cells were refined by selection with a fine glass pipette and a micromanipulator in order to avoid the contamination of PGCs with red cells. The refined cells were then cultured for a given period. The PGCs proliferated when they were cultured on feeder cells derived from the germinal ridges of chicken embryos at stage 27. During a 5 day culture period, the highest rate of increased PGCs was about 51% for one of the two test groups. Although some kinds of growth factors were supplemented in the culture media, no synergistic effect of chicken stem cell factor (chSCF) with murine leukemia inhibitory factor (LIF) and human basic fibroblast growth factor (bFGF) on the proliferation of PGCs was found. This result implies that the LIF and bFGF influencing the proliferation of PGCs may not be conserved between mammals and birds.
rimordial germ cells (PGCs) in birds originate in the epiblast [1] and first appear in the hypoto manipulate. The migration property of avian PGCs through the circulating system makes them easier to isolate and some work has been done concerning the gene transfection of PGCs in vitro [9] . It is clear that in vitro proliferation of PGCs would make the selection of specific gene targeting possible, leading to a great advance in biotechnological science.
Few researches concerning in vitro culture of avian PGCs have been carried out compared with those of mammals. Although it is known that some factors such as mouse fibroblast cells (STO) as feeder cells, stem cell factor (SCF), leukemia inhibitory factor (LIF) and basic fibroblast growth factor (bFGF ) are necessary for the proliferation and survival of mouse PGCs in vitro [10] , we know little P blast of the area pellucida [2] . The cells enter the circulating blood stream, where they are called circulating PGCs (cPGCs) [3] , at the first heart beats [4] and migrate to the final destination, the gonad, where they are known as gonadal PGCs (gPGCs) [5] , and undergo a process of proliferation and differentiation to become two kinds of gamete, ova and spermatozoa.
PGCs were extensively used for the production of transgenic poultry [6] [7] [8] , because avian zygotes, unlike those of mammals, are extremely difficult about the environmental and intrinsic factors that influence the proliferation and survival of chicken PGCs. Chang, et al. [11] reported the proliferation of chicken PGCs in their culture systems, but we thought, judging from their method of isolating PGCs [12] , that the PGC sample might be contaminated with some red cells in spite of the high purity of PGCs they obtained. In this study, therefore, we tried to culture chicken cPGCs which were refined again after the isolation process with a Ficoll density centrifugation method, to clarify whether chicken PGCs can proliferate outside the body.
Materials and Methods

Preparation of cPGCs
Fertilized eggs obtained from Rhode Island Red chickens were incubated at 38.5 C under 60%-70% humidity until stage 11-13 [13] . Blood samples were collected from a vitelline artery of the embryos with a fine glass pipette of about 50 mm inner diameter. Isolation of cPGCs from the blood samples was done according to the method of a previous report [12] , except that Ficoll 70 was used in place of Ficoll 400. The cell pellet collected after the isolation was labeled with PKH26 red fluorescent cell linker (Sigma, No PKH26-GL) according to the manufacture's instructions, then the labeled cPGCs were selected with a micromanipulator and stored in growth medium without adding any growth factors.
Preparation of feeder cells
Fertilized eggs obtained from Rhode Island Red strain were incubated under the same conditions as described above until stage 27. The embryos were stripped from the yolk, rinsed with calciumand magnesium-free Dulbecco's phosphate buffered saline (PBS-) and transferred to 65 mm petri dishes coated with wax. The abdomen of the embryo was carefully peeled off with forceps to expose the primitive kidneys. Under an objective microscope, germinal ridges were separated from the kidneys and collected in a 1.5 ml Eppendorff tube loaded with 1ml PBS (-). Subsequently, these germinal ridges were digested with 0.25 mg/ml of trypsin at 37 C for 20 min. The cell mixture was filtered through a cell strainer, washed twice with Hanks medium 199 and cultured in growth medium containing DMEM, F10 and 10% fetal calf serum (FCS) in a 96 well plate at 37 C, 5% CO 2 . The process for cell confluence took about 3 days.
Culture of cPGCs
When the feeder cells became confluent, the prepared cPGCs were seeded onto the feeder layer and cultured in a medium containing growth factors for up to 5 days. The following growth factors were added to the culture wells when cPGCs were seeded: chSCF 100 ng/ml, LIF 20 ng/ml and bFGF 10 ng/ml. The LIF and bFGF were purchased from GIBCO BRL Company, and chSCF was a gift from Dr. M. Sakurai of the National Institute of Animal Health, Tsukuba, Japan.
Direct cell count under a microscope equipped with a TW-FM Epi-fluorescent attachment was conducted on the next day and thereafter once a day during the culture period.
Results
Preparation of cPGCs for culture
To isolate cPGCs from the blood samples of chicken embryos, the Ficoll density gradient (6.3% and 16.0% of Ficoll 70) centrifugation method was used. The average percentage of cPGCs obtained after the isolation was 9.84 +0.4 % for 5 replicates. Chicken PGCs were easily distinguished from red cells, showing distinctive morphological features. As reported before [14] , the PGCs were large, round, and the granule-like materials in the cytoplasm were conspicuous under a phase contrast microscope. After the isolation and labeling with PKH26 red fluorescent cell linker, cPGCs were carefully selected in order to avoid contamination with red cells. The refined cPGCs clearly emitted bright red light when the cells were excited with ultraviolet light (Fig. 1A) .
Culture of cPGCs
The purpose of labeling cPGCs with PKH26 red fluorescent cell linker was to distinguish them from intrinsic PGCs (gPGCs) contained in the feeder cells. When the feeder cells became confluent, the cPGCs were divided into two test groups: chSCF was added to the culture medium of one group and a combination of chSCF, LIF and bFGF was added to that of the other group. As shown in Fig.  2 , after 2 days of culture, a decrease in the number of cPGCs was observed. This might have been the result of damage to some cPGCs during the process of preparation. By day 4 of culture, a significant increase was observed. In the group with chSCF only, the number of cPGCs increased 51% when the cells were cultured for 4 days. The increase rate of cPGCs number was not significantly (P>0.05) different between the two groups, suggesting no synergistic effect of chicken SCF on the promotion of PGCs in the case where LIF and bFGF were supplemented simultaneously. After 5 days of culture, the total number of cPGCs decreased (data not shown) but some cPGCs continued growing and formed cell colonies (Fig. 1B, C) . We noticed that only part of cPGCs proliferated and about 30% of cPGCs survived for a month (data not shown) in our culture system. In this study, the proliferation of cPGCs suggested that the feeder cells derived from the germinal ridges may provide some kind(s) of growth factor(s) essential for the division of cPGCs outside the body.
Discussion
Many attempts have been conducted to isolate avian PGCs. To isolate cPGCs from the blood vessels of the embryos, the Ficoll density gradient centrifugation method greatly facilitates the refinement of cPGCs. It is also interesting that two articles published in the same year [13, 14] showed that a small change in the preparation process of the Ficoll solution led to a completely different percentage of the number of cPGCs obtained, raising them from 3.9% to 86.0%.
However, we failed to obtain the latter cell number concentration according to the published methods [13] in which Ficoll 400 was used, and with which the percentage of cPGC purity was below 1% (data not shown). When Ficoll 400 was replaced with Ficoll 70, which has a lower molecular weight than Ficoll 400, the percentage of purity of cPGCs increased to 9.84 ± 0.4% in the present study.
This study proved that chicken cPGCs can proliferate outside the body. The increase rates in our research were incomparable to those of previous reports [11, 12] , probably because of the different process of cPGC preparation. It is also thought that red cells in cPGC samples might interfere with the cell counting when the red cells were cultured together with PGCs. The cPGC samples should be void of contamination with red cells. To solve this problem, we selected cPGCs with a micromanipulator attached to a fine glass pipette after isolation with Ficoll density gradient centrifugation. The cPGC proliferation in vitro confirmed the supposition that the feeder cells derived from the germinal ridges of chicken embryos at stage 27 provided some kind(s) of growth factor(s) required for the PGC proliferation [11] .
The observation that not all the cPGCs divided during the culture period implied that the cPGCs might be in different physiological conditions.
Inside the body, a small population of chicken PGCs, originating from the epiblast, undergo a process of dramatic propagation before the cells develop to gametes in the gonads. In theory, an appropriate combination of growth factor(s) must be involved in this physiological activity.
It is attractive to speculate on what kind of growth factor(s) are responsible for the proliferation of PGCs in chicken. Recent studies of the culture of PGCs and gene mutation in the mouse can offer insights to those factors probably involved in the avian system. The transmembrane form of SCF, mainly expressed in the gonads [15] , is required for the survival of PGC in culture [16] , as well as hematopoiesis and melanogenesis [17] .
However, this study concluded that only in the presence of LIF can SCF act as a mitogen [18] . Furthermore, bFGF, together with SCF and LIF, stimulate long-term proliferation of mouse PGC [10, 19] . Zhou et al. [20] cloned cDNA of chicken SCF whose sequence has 52% homology with the mammalian one. Like in the case of the mouse, SCF in birds is involved in hematopoiesis [21] and melanogenesis [22] , but it is unclear whether avian SCF itself, or in combination with LIF and FGF, plays any role in the proliferation of avian PGCs. The present experiment was designed to reveal if chSCF in the presence of LIF and FGF can stimulate the proliferation of chicken PGCs, like the motif in mammals. The finding of this work, that there was no difference in proliferation rates between the two test groups, indicates that LIF and FGF failed to promote the proliferation of chicken PGCs. This result implied that LIF and FGF influenced survival, and that the propagation of PGCs may not be conserved between mammals and birds.
